Abstract-This study describes the effect of zinc on monocyte adhesion to endothelial cells under different shear stress regimens, which may trigger atherogenesis. Human umbilical vein endothelial cells were exposed to steady shear stress (15 dynes/cm 2 or 1 dyne/cm 2 ) or reversing shear stress (time average 1 dyne/cm 2 ) for 24 h. In all shear stress regimes, zinc deficiency enhanced THP-1 cell adhesion, while heparinase III reduced monocyte adhesion following reversing shear stress exposure. Unlike other shear stress regimes, reversing shear stress alone enhanced monocyte adhesion, which may be associated with increased H 2 O 2 and superoxide together with relatively low levels of nitric oxide (NO) production. L-N G -Nitroarginine methyl ester (L-NAME) treatment increased monocyte adhesion under 15 dynes/cm 2 and under reversing shear stress. After reversing shear stress, monocyte adhesion dramatically increased with heparinase III treatment followed by a zinc scavenger. Static culture experiments supported the reduction of monocyte adhesion by zinc following endothelial cell cytokine activation. These results suggest that endothelial cell zinc levels are important for the inhibition of monocyte adhesion to endothelial cells, and may be one of the key factors in the early stages of atherogenesis.
INTRODUCTION
The activation or dysfunction of endothelial cells (EC) plays an important role in the development and progression of atherosclerosis. The formation of atherosclerotic plaques starts with the recruitment of leukocytes to the vessel wall by activated EC. 27 Risk factors for activating EC include disturbed shear stress, reactive oxygen species (ROS), and inflammatory mediators. In athero-prone areas of arteries, disturbed, or reversing flow activates EC and leads to leukocyte adhesion and eventual atherosclerotic plaque development. 17 EC activated by reversing shear stress increase the amount of heparan sulfate proteoglycans (HSPG) in the glycocalyx layer. 8 HSPG with its high sulfate content increases cell surface negativity and is important for EC adhesion and mechanotransduction. 4, 28 However, this net negative charge would normally resist adhesion of blood cells, which are also negatively charged under physiological conditions. The disruption or degradation of endothelial HSPG impairs L-selectin-mediated functions, such as leukocyte trafficking, homing, and adhesion. 2, 48 Activated EC recruit leukocytes, mainly monocytes. 8, 13 Monocytes then bind tightly to leukocyte adhesion receptors (e.g., E-selectin, VCAM-1, and ICAM-1) overexpressed by activated EC, and migrate into the vessel wall. 30, 47 Nitric oxide (NO) is also involved in monocyte adhesion. L-arginine, a key precursor to NO, reduces monocyte adhesion to endothelial cells. 1 The expression of argininosuccinate synthetase 1 which increases NO production, decreased monocyte adhesion stimulated by tumor necrosis factor-a (TNF-a). 29 Zinc is an essential mineral in cells and is required for the function of more than 300 enzymes and 2000 transcription factors. -Zinc plays an important role in the defense against oxidative stress and apoptosis, precursors of atherosclerosis. 20, 26 Zinc protects a variety of cell types against apoptosis including EC by inhibiting the pathways of signal transduction that lead to upregulation of caspase genes. 20 Although zinc, a non-redox active ion, cannot scavenge ROS directly, it behaves as an antioxidant by attenuating oxidative stress-sensitive transcription factors in activated EC. 6, 21, 34 In humans, zinc deficiency results in lowered levels of the antioxidant enzyme superoxide dismutase, which increases oxidative stress, pro-inflammatory compounds, and the risk for atherosclerosis. 39 Physiological free zinc levels are strongly regulated by zinc-binding proteins. Because excess free zinc is toxic, most plasma zinc is bound to albumin and a2-macroglobulin.
Zinc transporters and zinc-binding metallothionein (MT) proteins function as zinc reservoirs. 10 NO or ROS can induce the cleavage of zinc-sulfur bonds, releasing intracellular zinc from MT-Zn complexes. 23 Intracellular free zinc activates metal-responsive transcription factor-1, which increases gene transcription including the expression of MT isoforms and zinc transporter-1 (ZnT-1). Our recent microarray and qRT-PCR studies demonstrated that human umbilical vein endothelial cells (HUVEC) increased MTs and ZnT-1 mRNAs when the cells were exposed to reversing shear stress compared to cells exposed to 15 dynes/cm 2 . 7, 8 Intracellular MTs and ZnT-1 protein levels change in response to shear stress. 7, 8 Despite the evidence of association of zinc with atherosclerosis, the effect of zinc on monocyte adhesion to EC under shear stress is not clear.
In this study, we exposed EC to 15 dynes/cm 2 steady shear stress, 1 dyne/cm 2 steady shear stress, or reversing shear stress for 24 h. Subsequent to all shear stress regimes, we perfused EC with THP-1 cells, and found increased adhesion of the monocyte cell line only to EC exposed to reversing shear stress. Also, production of ROS was increased after reversing shear stress. Postshear stress removal of zinc by chelation enhanced THP-1 adhesion to HUVEC regardless of shear stress regime. Heparinase III treatment after reversing shear stress exposure reduced THP-1 cell adhesion. When heparinase III was followed by zinc chelation, reversing shear stress increased monocyte adhesion significantly. These results suggest that athero-prone regions of the vasculature incur enhanced monocyte adhesion due in part to decreased free zinc levels.
MATERIALS AND METHODS

Cell Culture and Shear Stress Conditions
HUVEC (Lonza, Walkersville, MD), passage 4, were grown at 37°C under a humidified atmosphere of 5% CO 2 in ''complete M199'' containing M199 (Mediatech, Herndon, VA), 20% (v/v) FBS (Hyclone, Logan, UT), 50 lg/mL endothelial mitogen (Biomedical Technologies, Stoughton, MA), 50 U/mL penicillin, 50 lg/mL streptomycin, 2 mM L-glutamine (Mediatech, Herndon, VA), and 2.5 U/mL heparin sodium (American Pharmaceutical Partners, Schaumberg, IL). Glass slides were pretreated with 1% (w/v) gelatin (Sigma-Aldrich, St. Louis, MO) for 40 min followed by 0.5% glutaraldehyde (Electron Microscopy Science, Hatfield, PA) for 30 min and rinsed three times in PBS. Cells were seeded at 20,000 cells/cm 2 on pretreated glass slides.
After 48 h, HUVEC were subjected to one of the three shear stress conditions, or maintained in static conditions, for 24 h. Shear stress conditions included (1) 8 ). The apparatus used to produce reversing shear stress has been described in detail, 8 and is briefly summarized here. Two 30 mL syringes mounted on a reciprocating syringe pump (Harvard 33 Dual Syringe Pump, Holliston, MA) provided 1 dyne/cm 2 to parallel plate chambers, one side of which was the cell-cultured slide. The reversing component was superimposed on the steady-flow profile using a 1-mL glass syringe driven by a programmed linear motor. Devices supplying 15 dynes/cm 2 to parallel plate chambers were driven by hydrostatic pressure.
14 Shear stress experiments were carried out at 37°C under 5% CO 2 .
Following shear stress, cells were treated with either 5 mU/mL heparinase III (Sigma-Aldrich, St. Louis, MO) at 37°C for 3 h, or with the cell-permeable zincspecific chelator, 30 lM N,N,N¢,N¢-tetrakis-(2-pyridylmethyl)-ethylenediamine (TPEN) (Calbiochem, La Jolla, CA), at 37°C for 30 min, or with heparinase III followed by TPEN, and washed with complete M199 before monocyte perfusion.
Monocyte Adhesion Assay
THP-1 cells (human acute monocytic leukemia cell line, ATCC, Manassas, VA) were grown in RPMI-1640 (Mediatech, Herndon, VA) containing 10% (v/v) FBS, 50 U/mL penicillin, 50 lg/mL streptomycin, and 2 mM L-glutamine. For adhesion assays, THP-1 cells were activated by cytokines (10 ng/mL TNF-a plus 1 ng/mL IL-1b) for 1 h then stained with CellTracker Green CMFDA (Invitrogen, Carlsbad, CA) in serumfree RPMI-1640 media for 30 min. THP-1 cells were washed and resuspended in complete M199.
THP-1 cells (6.7 9 10 5 cells/mL) in complete M199 were perfused across HUVEC at 1 dyne/cm 2 for 5 min, flow was stopped for 30 s, and then cells were perfused with complete M199 media without monocytes for an additional 5 min at 1 dyne/cm 2 . For each condition, the number of adherent THP-1 cells was counted in 7 frames (1 mm 2 /frame) per slide under a fluorescence microscope (Nikon Eclipse TE2000-U, Tokyo, Japan), and at least three slides from each experiment were counted.
In the experiments indicated, HUVEC were activated by the addition of 10 ng/mL TNF-a plus 1 ng/ mL IL-1b for 24 h under static conditions. Zinc sulfate (100 lM) was added to both activated and control cells for 24 h at the same time as the cytokines. TPEN (30 lM) was added to non-activated control cells for 30 min.
To assess the role of NO production under different shear stress regimes, 100 lM L-N G -Nitroarginine methyl ester (L-NAME), an inhibitor of NO synthase, was added to the media at the beginning of application of shear stress. The effect of ROS on HUVEC under shear stress was also investigated by adding exogenous 50 lM H 2 O 2 or catalase (50 U/mL) (which decomposes H 2 O 2 to water and oxygen), plus tempol (100 lM) (a superoxide dismutase mimetic which scavenges superoxide), to the media at the beginning of shear stress. In the indicated experiments, exogenous ROS were induced in statically cultured HUVEC by a solution of 100 lM H 2 O 2 or 0.5 lg/mL KO 2 (0.49 nmol superoxide/mL) 35 for 24 h.
Measurement of Cell Surface Negativity
Cell surface charge was determined by photometric measurement of toluidine blue (Sigma-Aldrich, St. Louis, MO). 43, 44 After shear stress and/or heparinase III or TPEN, HUVEC were washed in 0.25 M sucrose three times and stained with 0.001% (w/v) toluidine blue in 0.25 M sucrose solution for 1 h at 4°C. HUVEC were washed five times and then maintained in 0.1 mg/mL protamine sulfate (type X) (Sigma-Aldrich, St. Louis, MO) for 30 min at 4°C. Protamine sulfate extracts the toluidine blue combined with the glycocalyx, due to its higher affinity for carboxyl groups and sulfate groups than toluidine blue. 43 The absorbance of extracted toluidine blue (k abs = 630 nm) was measured on a Spectra MAX Plus microplate reader (Molecular Devices, Sunnyvale, CA).
Measurement of Hydrogen Peroxide, Superoxide, and Nitric Oxide
Following shear stress, HUVEC were trypsinized, washed with PBS, and stained with either 5 lM 5-(and-6)-chloromethyl-2¢,7¢-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA) (Invitrogen, Carlsbad, CA) for H 2 O 2 , or 5 lM dihydroethidium (hydroethidine) (DHE) (Invitrogen, Carlsbad, CA) for superoxide. After 20 min, cells were washed three times with ice cold PBS and filtered into flow cytometry tubes. Fluorescence was measured by BD LSR flow cytometer (BD Bioscience) (San Jose, CA) using a laser for either CM-H 2 DCFDA (k ex /k em = 488/ 530 nm) or DHE (k ex /k em = 518/605 nm). Nitric oxide in circulating media from shear-stressed cells was measured with the Nitrite/Nitrate Fluorometric Assay Kit (Cayman Chemical, Ann Arbor, MI) following the manufacturer's instructions.
Apoptosis and Cell Death Assays
After TPEN treatment, apoptotic and dead HUVEC were identified by Annexin V-Alexa Fluor 488 (Invitrogen, Carlsbad, CA) and propidium iodide (Invitrogen, Carlsbad, CA) respectively, following the manufacturer's instructions. Briefly, 1.5 9 10 5 cells were trypsinized, washed in cold PBS, and resuspended in 100 lL binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 , pH = 7.4). Annexin V-Alexa Fluor 488 (5 lL) and 100 lg/mL propidium iodide (1 lL) were added to the cell suspension and incubated at room temperature for 15 min. Fluorescence of stained cells was then analyzed using BD LSR flow cytometer (BD Bioscience) (San Jose, CA) with a laser for Alexa Fluor 488 (k ex /k em = 495/519 nm) and propidium iodide (k ex /k em = 535/617 nm).
Although TPEN is a zinc-specific chelator, 10 lM TPEN for 48 h can induce fundamental apoptotic events such as DNA fragmentation, caspase-3 activation, 26 and the translocation of negative phosphatidyl serines. In order to minimize the apoptotic and toxic effects of TPEN, we determined the optimum TPEN concentration to be 30 lM TPEN for 30 min, which scavenges intracellular zinc with no apoptotic effects or cell death (Supplemental Fig. 1 A&B) , to scavenge zinc in our shear stress experiments.
Statistics
Each bar graph represents an average ± SEM of at least three independent experiments. Statistical analysis was performed using paired Student's t-test, comparing each treatment to static conditions unless otherwise mentioned. In all statistical analyses, p < 0.05 (*) was considered significant.
RESULTS
We exposed HUVEC to steady shear stress (either 15 dynes/cm 2 Figure 1 shows that only reversing shear stress enhanced THP-1 monocyte adhesion to HUVEC in the absence of post-shear stress treatment. TPEN addition, which chelates zinc, increased monocyte adhesion after all shear stress regimes, while heparinase III, which cleaves HSPG from the endothelial cell surface and removes monocyte-binding ligands, reduced monocyte binding after reversing shear stress exposure. Interestingly, after reversing shear stress, monocyte adhesion was dramatically increased when HUVEC were treated with heparinase III followed by TPEN. Figure 2a quantitates THP-1 adhesion. Under static and both steady shear stress conditions, control (no treatment) and heparinase III-treated EC had minimal THP-1 adhesion, and TPEN increased THP-1 adhesion 16-18-fold relative to other treatments. Both static and 1 dyne/cm 2 elicited small, but significant increases in THP-1 adhesion when treated with heparinase III followed by TPEN. The no-treatment control group under reversing shear stress was 20-fold more adhesive to THP-1 cells. Although heparinase III minimized adherence of THP-1 to EC after reversing shear stress, TPEN increased adherence 27-fold, while heparinase III followed by TPEN (which had only small effects in the other regimens), increased adherence 108-fold. Figure 2b demonstrates that regardless of shear stress or static conditions, heparinase III reduced the cell surface negativity, while TPEN treatment enhanced cell surface negativity, (note that heparinase III followed by TPEN condition was not included for 15 dynes/cm 2 or 1 dyne/cm 2 conditions). While Fig. 2a indicates that treatment of EC with heparinase III and TPEN following reversing shear stress induces monocyte adhesion via a mechanism not involving HSPG, Fig. 2b further demonstrates that this monocyte adhesion cannot be explained by surface charge.
We examined whether zinc plays a role in monocyte adhesion to HUVEC under static conditions. In Fig. 3 , HUVEC that were activated by cytokine treatment for 24 h showed enhanced THP-1 adhesion over the negative control. Exogenous zinc alone did not alter THP-1 adhesion, while cytokines plus zinc reduced THP-1 adhesion to negative control. THP-1 adhesion was significantly increased by zinc removal (TPEN treatment), suggesting that zinc inhibited THP-1 adhesion to activated HUVEC under static conditions. NO production (Fig. 4a) was increased in EC subjected to 15 dynes/cm 2 (3.7-fold) or to reversing shear stress (2.3-fold) compared to EC subjected to 1 dyne/ cm 2 or grown under static conditions. Addition of L-NAME during shear stress (Fig. 4b) enhanced monocyte adhesion to EC subjected to 15 dynes/cm 2 (87-fold) or reversing shear stress (3.4-fold) when compared to ECs under these same conditions in the absence of L-NAME (compare Figs. 4b and 2a) . Interestingly, L-NAME pretreatment for 24 h also greatly increased monocyte adhesion to static EC. In addition to increasing NO, reversing shear stress also increased the generation of H 2 O 2 and superoxide (Fig. 5a) . Levels of ROS between 15 dyne/cm 2 steady shear stress and static culture are not statistically different, while increases in ROS under 1 dyne/cm 2 steady shear stress were significantly higher. Under reversing shear stress, more H 2 O 2 and superoxide were produced which would require more NO production to counteract. In order to investigate this phenomenon further, we exposed HUVEC to exogenous ROS under static conditions, and found that only H 2 O 2 (100 lM) enhanced monocyte binding (Fig. 5b) . H 2 O 2 (50 lM) also enhanced monocyte adhesion under shear stress, whereas ROS scavengers catalase (50 U/mL) plus tempol (100 lM) reduced monocyte adhesion (Fig. 5c ).
DISCUSSION
We examined the possible roles that shear stress, zinc, HSPG, NO production, and ROS production play in the adhesion of THP-1 cells to EC. To understand the mechanism by which reversing shear stress increases monocyte adhesion, and the role played by intracellular zinc in this process, we employed three post-shear stress treatments, (1) decreasing HSPG using heparinase III, (2) reducing zinc levels using the zinc-specific cell-permeable chelator TPEN, and (3) heparinase III treatment followed by TPEN, (which depleted zinc in the absence of HSPG). After exposure to reversing shear stress, monocyte adhesion dramatically increased (108-fold) when HUVEC were treated with heparinase III followed by TPEN. Without post-shear stress treatment, EC exposed to reversing shear stress are 20-fold more adhesive to THP-1 cells relative to 1 dyne/cm 2 or 15 dynes/cm 2 steady shear stress (compare reversing shear stress levels, Fig. 2a ). Other studies have reported increased monocyte adhesion to cultured EC under oscillatory shear stress produced by a cone-and-plate viscometer, and under reversing shear stress regimes delivered in a parallel plate chamber. Whether the wave form of oscillatory shear stress (sinusoidal) as delivered via the cone-and-plate viscometer, and that of the reversing shear stress profile used in the present FIGURE 5. HUVEC exposed to reversing shear stress generate more reactive oxygen species, and H 2 O 2 enhances THP-1 cell adhesion to HUVEC. (a) Intracellular H 2 O 2 level measured by CM-H 2 DCFDA (white bars) and intracellular superoxide level measured by DHE (black bars) (n 5 6, *p < 0.05 compared to static culture), (b) In static conditions, THP-1 cell adhesion to HUVEC was measured after 24 h treatment of HUVEC with exogenous H 2 O 2 (100 lM) or superoxide (0.49 lM) (n 5 3, *p < 0.05 compared to negative control), (c) HUVEC were treated with either H 2 O 2 (50 lM) (white bars) or catalase (50 U/mL) plus tempol (100 lM) (black bars) during 24 h shear stress (n 5 3, *p < 0.05 compared to static culture). study (which mimics that in the carotid sinus), is reflected in EC production of NO vs. ROS has not been determined. The advantages and disadvantages of these approaches and devices for delivering shear stress are discussed in a recent review. 5 The fact that heparinase III treatment prevents THP-1 adhesion to EC under reversing shear stress demonstrates the significance of HSPG as the main component of the glycocalyx in mediating adhesion between THP-1 and EC under reversing shear conditions. We found through immunostaining that EC exposed to reversing shear stress had more HSPG than EC exposed to steady shear stresses. 8 If EC are treated with heparinase III before exposure to 15 dynes/cm 2 shear stress for 24 h, then they do not align.
3, 51 Tarbell and collaborators present evidence that suggests that HSPG transduce fluid shear stress signals into the cell, which would explain why no alignment of EC occurs when they are treated with heparinase III before shear stress. 12, 40 These findings led Tarbell to label HSPG ''mechanotransducers.'' In this study, we demonstrate the crucial role of HSPG in monocyte adhesion after reversing shear stress exposure.
We found that NO production under reversing shear stress is 2.3-fold greater, and NO production under 15 dynes/cm 2 is 3.7-fold greater, than under static conditions (Fig. 4a) . However, intracellular ROS production under reversing shear stress exceeds that under 15 dynes/ cm 2 significantly (Fig. 5a ). Therefore, while more H 2 O 2 and superoxide are produced under reversing shear stress, more NO is produced under 15 dynes/cm 2 . This may account for the resistance of ECs under 15 dynes/ cm 2 to monocyte adhesion. Others have shown that the balance between NO and ROS production is key to EC resistance to monocyte adhesion. 5, 19 Under static conditions, exposure to NO has been shown to increase free zinc in EC, 50 and intracellular free zinc release by NO protects EC from H 2 O 2 -induced toxicity. 9 Harrison and collaborators have shown that laminar shear stress increases NO production through activation and nuclear translocation of NFjB, which has a binding site in the endothelial nitric oxide synthase promoter. Oscillatory shear stress increases EC production of superoxide and H 2 O 2 , in addition to the increased production of NO by a different mechanism than laminar shear stress which is in part due to H 2 O 2 .
19 Also, KLF-2 has been shown to be a mechanically activated transcription factor for eNOS in shear stressed EC. 11, 33 As observed by others, 19, 31 we found that NO production was maximally stimulated by 15 dynes/cm 2 ( Fig. 4a) . We also demonstrated that the addition of L-NAME to cells subjected to 15 dynes/cm 2 shear stress or reversing shear stress enhanced monocyte adhesion significantly (Fig. 4b) . The striking increase (87-fold) in monocyte adhesion after L-NAME treatment under 15 dynes/cm 2 (compared to 15 dynes/cm 2 with no treatment in Fig. 2a ) emphasizes the importance of the interplay of NO production and shear stress in determining regions of the vasculature prone to monocyte adhesion. Previously, we have shown that L-NAME inhibited the generation of NO and NO-induced zinc release from MT-zinc complexes under 15 dynes/cm 2 shear stress. 7 Our motivation for examining the effect of exogenous zinc on the EC response to shear stress is based on microarray studies of EC under different shear stress regimes, in which we found that metallothionein gene expression is extremely sensitive to shear stress. 8, 52 These genes produce intracellular proteins that bind principally zinc and are responsible for the tight regulation of free intracellular zinc. 22, 24 Our measurements of the intracellular zinc levels in shearstressed EC were based on flow cytometry profiles after FluoZin 3-AM uptake. 15 Such studies provide a relative measure of intracellular zinc levels. To obtain absolute measures of intracellular zinc requires ratiometric techniques, using FRET (fluorescent resonance energy transfer) measurements. 45 These probes show ratiometric changes upon zinc binding (e.g., with TPEN), and reveal that the intracellular free zinc levels in the most cells is~0.4 nM. Such studies would not be possible to use in shear-stressed cells, because of the rapid equilibration that occurs after shear stress cessation. The extracellular levels of free zinc are higher than intracellular (micromolar). Most labile zinc in plasma is bound to albumin. 37 Exogenous zinc supplementation in static conditions demonstrated that zinc prevents monocyte adhesion to EC activated by cytokines (Fig. 3) . Previously, we have shown that exogenous zinc supplementation under reversing shear stress increased intracellular free zinc and inhibited THP-1 adhesion to HUVEC. 7 A possible explanation for the dramatic increase in THP-1 adhesion to EC under reversing shear stress after treatment with heparinase III followed by TPEN, is that adhesion increased as a result of stimulation of an inflammatory mediator. There is abundant evidence that activated EC increase the expression of leukocyte adhesion receptors such as VCAM-1 and ICAM-1 in vivo 16, 30, 32 and enhance the secretion of cytokines, 42, 46 which could interact with HSPG and zinc. HSPG binds cytokines and protects them from proteolysis ,18,38,49 and zinc deficiency increases the levels of circulating cytokines. 25 Thus, the function of an inflammatory mediator may be suppressed by HSPG and zinc, and may be activated when both HSPG and zinc are removed by heparinase III and TPEN (Fig. 6) . As a result, heparinase III treatment followed by TPEN after reversing shear stress enhanced monocyte adhesion dramatically (Fig. 6, bottom picture) . Identification of which monocyte binding ligands could be presented by the treatment of post-shear stress heparinase III followed by TPEN is an interesting area for future research.
There are possible links between zinc and NO and/ or ROS in explaining monocyte adhesion to EC (as noted above). NO increases free zinc in ECs, and intracellular free zinc release by NO protects ECs from H 2 O 2 -induced toxicity. 9 Lack of NO increases ICAM-1 levels on EC as well as monocyte adhesion. 41 In addition, zinc is required for the function of superoxide dismutase (SOD-1), an antioxidant enzyme, and the catalytic constant of Cu 2+ /Zn 2+ SOD-1 containing decreased amounts of copper and/ or zinc has been shown to be 15 times lower than that of the native enzyme. 36 We found maximal levels of both superoxide and H 2 O 2 under reversing shear stress (Fig. 5a ). Inflammatory ROS, enhanced by reversing shear stress could participate, in addition to HSPG, in monocyte adhesion. Exposing EC to H 2 O 2 in static culture (Fig. 5b) showed that H 2 O 2 alone could increase THP-1 adhesion. It is possible that exogenous superoxide did not increase THP-1 adhesion due to the inactivation by serum in the medium, or the inability of superoxide to pass through the plasma membrane. This differs from the activating and proinflammatory effect of endogenously generated superoxide.
Exposing EC to H 2 O 2 under 15 dynes/cm 2 shear stress or reversing shear stress (Fig. 5c) increases THP-1 adhesion; whereas catalase plus tempol, which decrease H 2 O 2 and superoxide respectively, decrease THP-1 adhesion.
In this study, we demonstrated the effect of zinc on the prevention of monocyte adhesion to HUVEC under shear stress. We also demonstrated that ROS and lack of NO can enhance monocyte adhesion, and that zinc decreases adhesion of monocytes. One of the possible roles of zinc is to inhibit monocyte adhesion by direct interaction with HSPG and cytokines or chemokines. Future study should emphasize which cytokines or chemokines and receptors are involved in monocyte adhesion to EC under reversing shear stress.
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